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We have demonstrated electrical fixing of 1000 angle-multiplexed holograms in a 1-cm3 volume Ce-doped
SBN:75 crystal. A revealing procedure yielded an average diffraction efficiency of 0.005% for each hologram,
with approximately 20% variation. The erasure resistance of the fixed gratings was verified.  1997 Optical
Society of AmericaTo achieve nonvolatile storage in holographic memory
systems that use photorefractive crystals, a means for
transforming optically erasable space charge gratings
into optically inactive material perturbations must
be developed. Nondestructive readout of photorefrac-
tive holograms can be achieved by one of two promi-
nent methods: (1) by forming an optically inactive
ionic charge grating that compensates for the volatile
electronic charge grating by temperature cycling to
control the ionic mobility1 or (2) by forming a ferroelec-
tric domain grating that follows the electronic charge
grating pattern by the application of an external elec-
tric f ield opposite in sign to a poling field at room
temperature2– 4 or by temperature cycling through the
ferroelectric phase transition.5 Although multiplexed
nonvolatile storage of large numbers of holograms in
LiNbO3 has been performed
1,6 by the thermal fixing
method, the electrical method has not yet been success-
fully used to demonstrate nonvolatile storage of large
numbers of multiplexed holograms. In this Letter we
report the electrical fixing of 1000 holograms that are
angularly multiplexed in a common recording volume
of Ce-doped Sr0.75Ba0.25Nb2O6, strontium barium nio-
bate (Ce:SBN75).
To record multiple holograms, either a single-cycle or
a multiple-cycle approach can be used. In the single-
cycle procedure, first all holograms are recorded as
photorefractive gratings and then a single fixing pulse
converts the composite set of holograms into a spatially
varying domain pattern in one step. The multiple-
cycle procedure, in contrast, breaks up the sequence
of exposures into several sets of smaller subsequences
of exposures, with the separate revealing and fixing
pulses applied after each subsequence. A revealing
electrical pulse is applied before the application of a
fixing electrical pulse because the crystal was depoled
by the f ixing pulse applied at the end of each subse-
quence; a revealing process is necessary to repole the
crystal uniformly so that the optimum fixing condition
is recovered. We found that the diffraction efficiency
of fixed multiplexed holograms is much higher with the
multiple cycle, primarily for two reasons. First, the
holograms recorded in earlier exposure cycles have bet-
ter resistance to erasure by successive exposures when0146-9592/97/141116-03$10.00/0the fixing pulse is applied, in comparison with the
single-cycle case in which each hologram is subjected
to photorefractive erasure by all subsequent exposures
before the single f ixing pulse is applied. Second, em-
pirical observations indicate that multiplexed holo-
grams of larger diffraction efficiency can be recorded
when a depoling electric f ield pulse such as a fixing
pulse is applied before recording.7,8 For these reasons
we chose the multiple-cycle method to perform the 1000
fixed hologram storage experiment.
The experimental system that we used is shown
schematically in Fig. 1; a doubled Nd:YAG laser pro-
vides a 532-nm source for the experiment. The laser
beam is expanded before being split into reference and
object beams. The reference beam is ref lected off a
mirror whose vertical orientation is controlled with a
motorized rotation stage (Motorized Rot. Stage). The
mirror is then imaged onto the crystal by a telecen-
tric system. The crystal is placed upon a motorized
stage to permit rotations in the horizontal plane. The
object beam fills the aperture of a 640 3 480 spa-
tial light modulator (SLM, a liquid-crystal display) be-
fore being focused onto the SBN crystal. The crystal
used was Ce-doped (0.02%) SBN:75, a cube with a vol-
ume of approximately 1 cm3. The two writing beams
entered the a face of the crystal at a nominal inter-
beam angle of 3– with the grating vector parallel to
Fig. 1. Experimental setup for recording and fixing angle-
multiplexed holograms: M’s, mirrors; Iso, isolator; B.E.,
beam expander; BS, beam splitter; Pol, polarizer; PC,
personal computer. 1997 Optical Society of America
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tivity of ,0.15– (measured by rotating the crystal un-
til cross talk between adjacent holograms negligible).
We achieved angle multiplexing by rotating the crys-
tal in the horizontal plane (0.15– separation). Frac-
tal (off-plane) multiplexing9 was achieved, in the same
storage volume, by rotation of mirror M1 to change the
angle of incidence of the reference beam in the vertical
plane (2– separation). Two hundred holograms were
multiplexed on every fractal row, and five fractal rows
were used, for a total of one thousand holograms. A
computer was used to coordinate the operation of the
spatial light modulator, shutters, high-voltage pulse
generator (HV), and a frame grabber to acquire the
CCD output image data.
To ensure that a sequence of hologram exposures
in a photorefractive medium will result in a uniform
distribution of diffraction eff iciencies, a schedule
of exposures (f luence per hologram) must be fol-
lowed.8,10 As mentioned above, we found that depoling
the crystal before the exposures signif icantly improved
the diffraction eff iciencies of a set of multiplexed holo-
grams. For example, the depoling pulse (21.8 kVycm,
0.2-s duration, nominally square shape) leads to an
average 14-fold increase in the diffraction eff iciencies
of 100 holograms in our sample compared with the
case with no depoling pulse.8 Of course, after the
holograms are recorded and before the diffraction
efficiency is measured, the crystal must be repoled
to restore the linear electro-optic coeff icients, which
degrade with the randomizing inf luence of the de-
poling pulse. One key observation that affects the
diffraction efficiency is the difference in optical era-
sure characteristics of a single grating written with
and without the depoling electric f ield pulse. The
main contribution to the enhanced diffraction eff i-
ciency of the multiplexed holograms seems to be from
the increased erasure time constant that effectively
increases the diffraction efficiency of the multiplexed
holograms. We found that a freshly poled crystal
followed a conventional simple exponential decay of
exps2tyted well. However, the erasure characteristics
of holograms written with the application of a depoling
electric field pulse deviated significantly from the
single te exponential decay and followed a two-time-
constant behavior that can be fitted to
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where h is the normalized diffraction efficiency, ts is
the short-time constant, and tL is the long-time con-
stant. The underlying reasons for this effect are being
investigated and are beyond the scope of this Letter;
however, we believe that this two-time-constant behav-
ior is related to the participation of a second photoac-
tive species induced by the depoling electrical pulse.
The negative preparation pulse depoles the crystal to
a certain degree and creates a random domain struc-
ture in the crystal. The randomly structured Ps, thespontaneous polarization in the material, introduces a
new charge trapping defect species, which gives rise to
decay of gratings at two separate rates.11 Species re-
lated to the random domain structure are associated
with a longer-time constant tL, whereas the intrinsic
(in a fresh state) species are associated with a short-
time constant ts. An optimum preparation electrical
pulse (e.g., Ep ­ 21.8 kVycm) produces the most ran-
dom domain structure yielding the highest density of
the new species.
The optical erasure curves of a single grating were
then measured for a volatile photorefractive grating
(not fixed) and a fixed grating. The initial diffraction
efficiency was 35% for both cases. The erasure light
was a non-Bragg-matched o-polarized beam of 532 nm
and 100 mWycm2. The decay curves for these two
cases are shown in Fig. 2, where the rapid-decay curve
corresponds to the volatile case. The slow-decay curve
corresponding to the f ixed grating was monitored
at less frequent intervals (as indicated by the open
circles). The diffraction efficiency of the f ixed grating
was measured after the holograms were revealed with
a positive revealing electrical pulse of 5 kVycm and
0.5-s duration. After each measurement the crystal
was quickly refixed with a fixing electric f ield pulse of
21.8 kVycm and 0.2-s duration before being exposed to
the erasure beam again for continued erasure.
An exposure schedule that accounts for the two-time-
constant behavior was derived as follows: Let Am be
the amplitude of the mth hologram recorded. When
the erasure of all the subsequent exposures is taken
into account, Am is given by
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where tm is the exposure time for the mth hologram,
tw is the writing-time constant, and M is the total
Fig. 2. Erasure of a hologram (not f ixed): curve fitted
with r1 ­ 0.85, r2 ­ 0.15, ts ­ 250 s, tL ­ 2500 s. Erasure
of a fixed hologram: curve fitted with r1 ­ 0.293, r2 ­
0.707, ts ­ 1000 s, tL ­ 50000 s.
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grams selected from among 1000.
Fig. 4. Samples of reconstructed images from fixed–
revealed holograms. The numbers in the pictures are the
hologram numbers.
number of exposures in each cycle. By requiring that
Am21 ­ Am for all m, we obtain the exposure time
schedule:
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1CCCCCA . (3)Mulitplexed recording was performed in f ive expo-
sure cycles (i.e., one fixing pulse was applied after the
200 holograms of each row were recorded). The depol-
ing pulse and the f ixing pulse were both 21.8 kVycm
in amplitude and 0.2 s in duration, and the reveal-
ing pulse was 5 kVycm in amplitude and 0.5 s in
duration. Figure 3 shows the diffraction efficiency
of the f irst 50 (1 to 50) and the last 50 (951 to 1000)
holograms. The average diffraction eff iciency of the
fixed–revealed holograms was ,0.005%, with a uni-
formity of ,80% among different holograms measured
by a Bragg-matched extraordinarily polarized beam of
633 nm. Figure 4 shows a sample of images recon-
structed from fixed–revealed holograms. A 532-nm
wavelength was used to reconstruct the image
sample to avoid the partial Bragg-matching effects
that occur when the wavelength of reconstruction
is different from that of recording. However, some
residual distortion exists (the intensity is brighter at
the center) because the holograms were recorded by
an o-polarized beam (to reduce fanning noise during
recording) and read out by an e-polarized beam (for
high diffraction eff iciency). Therefore the effective
wavelengths are different between recording and
reading.
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